Introduction
A nuclear waste repository may be constructed underground in the Belgian Boom Clay (BC) geological formation. BC is highly impervious but contains relatively large amounts of interstitial BCHA. Mobile and immobile fractions are present, capable, in principle, of exerting opposing effects on metal transport due to the formation of metal humate complexes [1] . The mobile and immobile forms exhibit similar complexing tendencies, but the immobile form is more abundant. Clearly, radionuclide humic acid stability constants are needed for repository performance assessment purposes.
This particular study was undertaken to obtain U(IV) and U(VI) -BCHA constants. Various U(VI) HA values can be found in the literature, see for example the fluorescence study by Saito and co-workers [2] , and the references contained therein. Unfortunately, the reported constants are generally conditional, and relate to pH values less than 7.0, for example Czerwinski et al. reported for Gorleben HA, log β = 6.16 ± 0.13 at pH = 4.0 [3] .
BC interstitial water has a pH of approximately 8.2. The U(IV) -HA value is particularly important because many possible far-field conditions, such as Boom Clay, are reducing. The solubility of crystalline UO 2 in Boom Clay conditions has been measured by Cachoir et al [4] . The solubility was found to vary between 3 x 10 -8 and 1.5 x 10 -6 mol dm -3 .
The experiments were conducted using purified AHA and BCHA extracted from the clay at the underground research facility at Mol in Belgium, at a depth of 223 m [1]. The extract was concentrated using the diethyl-aminoethyl cellulose procedure of Miles et al [5] . The U(IV) constants were obtained by developing an approach based on the 'solubility product' of the solid phase precipitated under alkaline conditions and assumed to be U(OH) 4 (am). The U(VI) constants were obtained by employing the 'classical'
Schubert ion-exchange approach [6] . The experiments were performed at pH values of relevance to environmental conditions, with O 2 and CO 2 excluded.
For comparative purposes U(IV) and U(VI) -AHA constants were also determined using similar conditions.
Solubility product approach for U(VI) constants
The solubility product approach involved three stages, (i) precipitation and ageing of amorphous U(OH) 4 ,
(ii) equilibration with BCHA or AHA, and (iii) supernatant activity measurements.
In the first stage uranyl nitrate (UO 2 (NO 3 ) 2 ) solution, containing a tracer amount of 233 U, was treated with sodium dithionite (Na 2 S 2 O 4 ) under alkaline conditions in the absence of air and carbonate. The yellow U(VI) solution was reduced to U(IV) and grey/brown amorphous U(OH) 4 precipitated. The precipitates were aged for 2 weeks. The reactions can be represented as: 
U + 4OH U(OH)
Uranium (IV) hydroxide is very sparingly soluble. The dissolution can be represented as the reverse of the formation reaction, i.e.:
The solubility product (K sp ) is given by:
Under hydrolysing conditions in the absence of HA, speciation studies show that the total U(IV) concentration in solution ([U] sol ) can be expressed as: to be defined i.e.:
Therefore:
β exp values were calculated using equation (vii) from the measured supernatant activities, the HA concentrations and pH values. The K sp value was obtained by determining the solubility of the precipitate in the absence of HA.
Schubert ion exchange approach for U(VI) constants
The 
A is again the side reaction coefficient term, included to take account of competition from hydroxide ions, and n is the stoichiometric ratio of HA to U(VI) in the complex [6] . In the experiments undertaken to determine the solubility product, the HA was The experiments were performed in triplicate. Essential details of the mixtures and the results are given in table 1. A second set of experiments at pH = 8.4
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Determination of the U(IV)-
was then conducted using acid precipitated AHA instead of BCHA. A similar procedure was followed using a 1000 mg dm -3 purified AHA solution for the initial working stock. The details of the mixtures and results are given in table 2.
Results and discussion
U(IV) Solubility product determinations
The calculation of the side reaction coefficient, the A term, is simplified if the dominating uranium species, in the absence of HA, are known at the experimental pH values. Therefore, calculations were performed using the thermodynamic constants published by Neck and Kim [9] (table 3) , to determine the speciation of uranium(IV) from pH 6 to 9. These calculations are shown in figure 1. The calculations were performed using the speciation programme CHESS [10] , for an initial concentration of U(IV) of 1 x 10 -7 mol dm -3 , which was similar to that used in the experiments. The figure clearly
shows that the dominant uranium(IV) species is U(OH) 4 ; which consequently dominates the A term. The A term was, therefore, calculated for the U 4+ + 4OH -= U(OH) 4 reaction equation using log β = 46, which was further adjusted to 48.5 to take account of the experimental ionic strength (I= 0.2). The required activity coefficients were calculated using the Davies equation [11] i.e. log γ = -0. Control experiments showed that the addition of dithionite (0.01 mol dm -3 ) did not increase the solubility of uranium above that which was observed when deionised water alone was added. Hence, the possibility of significant complexation of dithionite with uranium (IV) was discounted. Further control experiments, in which HA free samples were filtered, did not show a decrease in the uranium concentration demonstrating that uranium colloids were not significant.
Calculation of the U(IV) -BCHA stability constant
The U(IV) -BCHA results using the solubility product approach, are shown in Table 5 . The presence of U(IV) was assumed based on the E h evidence.
The measured E h values may be converted to the standard hydrogen electrode (E she ) scale by adding 204 mV. A term values were calculated using the constants from Neck and Kim [9] (table 1) , but modified to be consistent with the ionic strength of the mixtures (I = 0.2).
The experiments were conducted at various pH values. The effect of pH on the value of log ß is shown in figure 2. The slope of 4 is a consequence of the dissolution step of UO 2 dissolving to form U(OH) 4 , and the inclusion of this term in the side reaction coefficient. The conditional log β values increased from 26.2 ± 0.7 at pH = 6.9, to 30.2 ± 0.8 at pH 7.8 and 31.2 ± 0.6 at pH 8.15.
The solubilities of uranium in the presence of BCHA measured in this study are slightly higher than in [4] for comparable BCHA concentrations. This may be due to differences in the solid phase, i.e. crystalline as against amorphous, and/or the difference between the HA used which may have been caused by the method of preparing the solid HA and the subsequent solutions. In addition, the BCHA concentrations in the two studies are not exactly the same, and this study was done in the absence of carbonate.
U(IV) AHA study
The U(IV) -AHA results are presented in tables 6, 7 and 8. The conditional log β values were log β = 29.0 ± 1.3 at pH 8.6, log β = 25.6 ± 1.2 at pH 7.5
and log β = 21.1 ± 0.9 at pH 6.4. The changes in the log β values with pH are shown in Figure 3 . Figure 5 shows the speciation of uranium(VI) in the absence of HA from pH 5 to 9. The calculations were carried out using the programme CHESS [10] .
Over the pH range used in this study the principle uranium species changes form UO 2 2+ (aq) to UO 2 OH + (aq) to UO 2 (OH) 2 0 (aq) and finally UO 2 (OH) 3 -(aq). Unfortunately the experiments reported here do not provide the evidence needed to distinguish between these possible explanations.
U(VI) Aldrich HA complexation study at pH = 8.4.
The U(VI)-AHA results are given in Table 2 . The maximum AHA proton exchange capacity was assumed to be 5. The BCHA and AHA Schubert plots based on equation (i) are shown in Figure   6 . The observed slopes of approximately one imply 1:1 U(VI) to HA stoichiometries, i.e. n = 1 in equation (i) [5] . The intercepts provided further estimates of the log β values (BCHA = 8.94, AHA = 9.02), but because long extrapolations were involved, means of the individual values were considered to be more reliable. A summary of all the measured log β values is shown in Table 10 .
Conclusions
Under the anaerobic, carbonate free, conditions used the graphically derived log β values for the BCHA complexes at pH = 8.2, were (from Compared with the Schubert approach the solubility product method has certain merits e.g. the complication of the resin solid phase is avoided because the insoluble precipitate itself generates a solid liquid distribution, also the pH does not have to be controlled only known and the maintenance and measurement of the redox state of the system is facilitated. It is envisaged that the same approach will be used to obtain Pu-BCHA constants.
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